Eighteen pseudorecombinants were constructed in vitro by exchanging the three genomic RNA segments between pairs of three strains of cucumber mosaic virus (CMV). Inoculation of the CMV strains and the pseudorecombinants to 10 selected host plant species revealed that infection and symptom expression in a plant can be a complex interaction of the genetic material of the virus with that of the host genome. Whereas some host reactions were determined only by either RNA-2 and some by RNA-3, others were the results of the interaction of both these RNA species. Furthermore, some host reactions resulted from the interactions of any two, or perhaps even all three RNA segments of the virus.
INTRODUCTION
Cucumber mosaic virus (CMV) contains a functionally divided RNA genome (Peden & Symons, 1973; Lot et al., 1974) . The three single-stranded positive-sense RNA segments, RNA-1, -2 and -3 have mol. wt. of about 1.35 x 10 6, 1.16 X 106 and 0.85 x 10 6 respectively (Peden & Symons, 1973) . In addition, the virus particles always encapsidate a fourth RNA segment, RNA-4, of tool. wt. about 0.35 x 10 6 whose nucleotide sequence from the 3' end is identical to that of RNA-3 and which is the mRNA for coat protein (Schwinghamer & Symons, 1975; Gould & Symons, 1977) .
A number of workers have constructed pseudorecombinants between CMV and another cucumovirus, tomato aspermy virus (TAV), most of which involved exchanges of RNA-3. It was demonstrated that RNA-3 determines the serological specificity Habili & Francki, 1974b; Mossop & Francki, 1977; Hanada & Tochihara, 1980) and the aphid transmissibility of CMV (Mossop & Francki, 1977) . Habili & Francki (1974 b) reported that a pseudorecombinant constructed from RNA-1 and RNA-2 of TAV and RNA-3 of CMV produced symptoms on a range of hosts characteristic of TAV, suggesting that RNA-1, RNA-2, or both carried genes determining host reactions. Recently, Hanada & Tochihara (1980) working with CMV and chrysanthemum mild mottle virus (CMMV, probably closely related to TAV) confirmed these conclusions. On the other hand, Marchoux et al. (1974) reported that most biological properties of CMV reside on RNA-3; one exception was the primary and systemic symptoms produced on Vigna sinensis L. Endl. which appeared to be controlled by both RNA-2 and RNA-3, and by RNA-2 alone, respectively. CMV and TAV have many suitable markers which could be used for genetic studies by analysing pseudorecombinants of the two viruses. However, attempts to construct pseudorecombinants involving the exchange of RNA-1 and RNA-2 between TAV and CMV were unsuccessful (Rao & Francki, 1981) . Hence, we were forced to study pseudoreeombinants from strains of the same virus. In this paper we report studies on pseudorecombinants constructed in vitro from three strains of CMV.
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METHODS
Virus isolates and purification. The three strains of CMV, UCMV, KCMV and MCMV Po et al., 1982; Mossop et al., 1976) , were maintained in Nicotiana gtutinosa L. and propagated in Nicotiana clevelandii A. Gray. MCMV was purified as described by Mossop et al. (1976) and the other CMV strains as described by Habili & Francki (1974 a) .
Isolation of Virus RNAs and separation into genome components. RNA was extracted from purified virus preparations by the phenol-SDS method (Peden & Symons, 1973) . The RNA components were separated by electrophoresis in 2 % agarose gels as described by Rao & Francki (1981) .
In vitro construction, isolation and characterization of pseudorecombinants. Methods used for in vitro construction and isolation of pseudorecombinants were as described by Habili & Francki (1974 b) and Mossop & Francki (1977) . All pseudorecombinants were propagated in N. clevelandii and purified by the method used for purifying the parental isolate providing RNA-3. The RNA composition of each pseudorecombinant was examined by electrophoresis in 2% agarose gels as described by Mossop & Francki (1977) . All serological tests were done by double-immunodiffusion tests in agar (Francki & Habili, 1972) . To confirm that the isolated pseudorecombinants had the expected RNA composition, their RNA components were separated and mixed in vitro so as to regenerate the parental virus strains using the same procedure as that used for isolating pseudorecombinants.
Examination ofpseudorecombinants. All plant host seedlings were grown in the glasshouse which was heated in the winter and cooled and shaded in the summer. Temperatures throughout the year were maintained between 20 and 25 °C. In all experiments each virus isolate was inoculated to at least six plants of each species. The parental viruses from which the pseudorecombinants originated were always inoculated as controls. Each experiment was repeated at least twice, at different seasons of the year.
RESULTS

Characteristics of virus strains used to construct pseudorecombinants
After examining a number of CMV strains, three (UCMV, KCMV and MCMV) were selected as suitable for the construction of pseudorecombinants. All three viruses were easily propagated and purified; they induced distinctive symptoms on a range of host plants Po et al., 1982) . Reactions induced in the 10 plant species selected for study are presented in Table 1 and photographs of reactions on selected plants in Fig. 1 and 2 . The three viruses are all related serologically; UCMV and KCMV are very closely related and both more distantly related to MCMV, details of which have already been reported Poet al., 1982) .
Examination of the RNA composition of the three parental CMV strains by electrophoresis in agarose gels showed that the three RNA segments of MCMV and KCMV had indistinguishable mobilities, while RNA-2 of UCMV could be resolved from those of MCMV and KCMV.
Analysis of pseudorecombinants from strains of CM V
Pseudorecombinants in all combinations of RNA-1, -2 and -3 were constructed from pairs of the three strains of CMV and their reactions were tested on appropriate host plants (Tables 2 to 4 ). The RNA segments of all the pseudorecombinants were analysed by agarose gel electrophoresis to identify their RNA-2. Using monospecific antisera produced by crossabsorption, all pseudorecombinants were checked and found to react with antisera to the parental CMV strains providing RNA-3. This was as expected because it has been demon- strated that RNA-3 carries the coat protein gene Habili & Francki, 1974b; Mossop & Francki, 1977; Hanada & Tochihara, 1980) . To further check the authenticity of the pseudorecombinants, back-crosses were constructed between the appropriate pairs of pseudorecombinants to regenerate the parental virus strains which were compared to the original parental viruses on suitable differential hosts. The four Nicotiana species, Datura stramonium L., Gomphrena globosa L. and Solanum melongena L. (Table 1) were used to check the back-crossed pseudorecombinants corresponding to UCMV and MCMV. These and two additional hosts, Zea mays L. and Vicia faba L., were used to check the back-crossed pseudorecombinants corresponding to KCMV. In all cases the symptoms induced by the back-crossed pseudorecombinants were indistinguishable from the original parental virus strains, demonstrating that all the pseudorecombinants had the expected RNA compositions and that no mutants had been selected inadvertantly. Examination of all the pseudorecombinants constructed by exchanges involving RNA-1 indicate that this segment had little effect on symptom induction on most of the host species examined (Tables 2 to 4 ). However, U~M2M 3 produced symptoms milder than those of MCMV on three of the four Nicotiana species tested (Table 2) . Similarly, symptoms induced by MIKzK 3 on N. glutinosa and S. melongena were milder than those induced by KCMV (Table 4) as were also UxKzK3, UxK2U 3 and K,K2U 3 on S. melongena (Table 3) . On the other hand U1K2K 3 and M~KzK 3 produced more severe symptoms than those by either of the parental strains on N. tabacum and G. globosa respectively (Tables 3 and 4) . Furthermore, K1MzM 3 failed to infect D. stramonium systemically.
From the data summarized in Tables 2 to 4 it appears that exchanges of RNA-2 between the strains of CMV have very significant effects on symptom induction. The most severe symptom produced by UCMV was necrosis and subsequent death of N. × edwardsonii (Fig. 2) . The determinant for this property must reside on RNA-U z since all pseudorecombinants containing U 2 killed N. x edwardsonii (Tables 2 and 3 ).
The determinant for the induction of leaf distortion by CMV appears also to reside on RNA-2. Only UCMV and the pseudorecombinants containing RNA-2 from UCMV, MIU2M 3 and K1UzK 3 (Tables 2 and 3 ) failed to induce leaf distortion. It is also evident that 
Characteristics o f pseudorecombinants between U C M V ( U~ U2U 3) and M C M V ( M 1 M 2 M 3 ) *
Pseudorecombinant
Exchange of RNA-2 Exchange of RNA-3
milder)t ~M (milder) ~M (milder) ~M (irregular chlorosis)t ~M (milder)t ~M (milder) ~M (milder) ~M (irregular chlorosis)t -U ~M (milder) ~M (milder) =U ~M (milder)~ ~M (milder) ~M (milder) ~M (irregular chlorosis)t :/-M, v~U$ -M ~M (severe) ~M (irregular chlorosis)'~ ~-M, 4-U~ ~M (milder) ~M (milder) ~M (irregular chlorosis)t ~M (milder)~ ~M (milder) ~M (milder) ~M (irregular chlorosis
* The sign = indicates that symptoms were indistinguishable from the designated parental strain; ~ indicates that the symptoms were similar but distinguishable from the designated parental strain; 4: indicates that the symptoms were unlike those of either designated parental strains. Descriptions of symptoms produced by parental strains are presented in Table 1 .
~" Indicates instances where the pseudorecombinants failed to induce leaf distortion characteristic of MCMV. $ Indicates that the pseudorecombinants produced chlorotic lesions on the inoculated leaves similar to those produced by MCMV but failed to infect the plant systemically. parental strains were capable o f systemic m o v e m e n t in this host (Fig. 3) . This indicates that the ability o f C M V to infect D. stramonium and S. melongena systemically is governed by an interaction o f determinants on R N A -2 and on R N A -1 or R N A -3 or both. A l t h o u g h 
* Signs describing symptoms are the same as in Table 2 . t Indicates that the pseudorecombinant produced chlorotic local lesions on inoculated leaves similar to KCMV but failed to infect the plant systemically.
:1: Indicates that the pseudorecombinant failed to infect the plant systemically. § Indicates that systemic symptoms were similar to those of UCMV, but chlorotic local lesions were induced on the inoculated leaves similar to those induced by KCMV. 
=K the same as in Table 2 .
Indicates that the pseudorecombinants K1M2M 3 and MIK2M 3 were indistinguishable from both the parental strains in producing chlorotic lesions on inoculated leaves, but failed to infect the plants systemically.
$ Indicates that the pseudorecombinant produced chlorotic local lesions similar to MCMV but failed to infect the plants systemically.
K~M2M 3 also failed to infect D. stramonium systemically, it behaved like MCMV on S. melongena. This indicates that the mechanism determining systemic movement of virus in the two hosts is different.
Data presented in Tables 3 and 4 show that the ability of CMV to infect maize resides on RNA-2 because pseudorecombinants UzKzU 3 and M1KzM 3 were able to infect maize as were all other pseudorecombinants containing K 2. From the data summarized in Tables 2 to 4 , it appears that exchanges of RNA-3 between strains of CMV have significant effects on symptom development. The most characteristic symptom induced by MCMV was the yellow mosaic of all the susceptible host plants examined (Table 1 ). It appears that the genetic determinant for this property must reside at least in part on RNA-3 because pseudorecombinants U1U2M 3 and K1KEM 3 induced yellow mosaic of all susceptible host plant examined (Tables 2 and 4 ). However, the yellow mosaic induced by the pseudorecombinant UIU2M 3 in three of the Nicotiana species and in D. stramonium (Fig. 3) , G. globosa and S. melongena (Table 2 ) was irregularly scattered along interveinal areas, indicating that this symptom is not determined by RNA-3 alone and that yellow mosaic is the result of interactions between genetic information on RNA-2 and RNA-3.
Pseudorecombinants of CMV
UCMV was the only strain of CMV used which did not induce lesions in any of the hosts other than Cucumis sativus (Table 1) . MCMV induced chlorotic local lesions in D. stramonium, G. globosa and S. melongena, while KCMV induced chlorotic local lesions in D. stramonium and brown local lesions in V. faba (Table 1 ). Data summarized in Tables  2 to 4 indicate that chlorotic lesions in D. stramonium and S. melongena are determined by both RNA-2 and RNA-3 because all pseudorecombinants containing either RNA-2 or RNA-3 or both RNA-2 and RNA-3 of MCMV induced chlorotic lesions in D. stramonium and S. melongena. Pseudorecombinants constructed from KCMV and UCMV confirmed this conclusion by their reactions on D. stramonium (Table 3) . On the other hand, the ability to induce chlorotic lesions in G. globosa and brown lesions in V. faba is determined by RNA-3 alone because pseudorecombinants U~U2M 3 and K~K2M 3 induced chlorotic lesions in G. globosa (Tables 2 and 4 ) while pseudorecombinants UIU2K 3 and M1M2K 3 induced brown lesions in V.faba (Tables 3 and 4 ).
DISCUSSION
Our observations of 10 host plant species infected with three strains of CMV and the 18 pseudorecombinants constructed from them, indicate that all three virus genomic RNA segments can be involved in symptom production. However, it has also been demonstrated that some host reactions are controlled by only one specific RNA segment whereas others can be controlled by either one or another segment. Some reactions were also identified as being controlled by the interaction of two or perhaps even three RNA segments.
The most compelling evidence that a single RNA segment can control a specific symptom comes from pseudorecombinants which carry genome segments such as RNA-2 from UCMV which invariably induced severe necrosis of N. × edwardsonii or from KCMV which were all able to infect Z. mays. Similar evidence that RNA-3 carries a specific determinant for symptom production comes from pseudorecombinants carrying RNA-3 from KCMV which were all able to induce local necrotic lesions in V.faba.
Evidence that the same symptom reactions can be controlled by either RNA-2 or RNA-3 is provided by pseudorecombinants containing either of these segments from MCMV and inoculated to D. stramonium and S. melongena; they all produce local chlorotic lesions. However, a similar symptom on G. globosa can be produced only by a determinant on RNA-3 because pseudorecombinants carrying RNA-2 from MCMV do not induce local chlorotic lesions on this host. This illustrates the importance of the interaction of the host genome with that of the virus in symptom production. In the case of D. stramonium and S. melongena, the host genome can interact with either RNA-2 or RNA-3 of MCMV to induce the lesions whereas with G. globosa only RNA-3 is capable of this interaction.
Evidence that some symptoms produced by CMV are the results of the interaction of two or more virus genome segments is provided by the reactions of some of the pseudorecombinants which induce symptoms unlike those of either parental strain of virus. Several pseudorecombinants behaved in this way on D. stramonium. In three instances pseudorecombinants failed to infect hosts which were susceptible to both parental virus strains.
It seems clear from our work that symptom expression in a plant can be a complex interaction between the genetic material of the plant host and that of the virus. It would appear that previous apparent inconsistencies regarding the parts played by the three cucumovirus RNA segments in host symptom expression Habili & Francki, 1974b; Mossop & Francki, 1977; Hanada & Tochihara, 1980) arose because relatively few pseudorecombinants were tested on too few host plants.
